GLYX-13 is a putative NMDA receptor modulator with glycine-site partial agonist properties that produces rapid antidepressant effects, but without the psychotomimetic side effects of ketamine. Studies were conducted to examine the molecular, cellular, and behavioral actions of GLYX-13 to further characterize the mechanisms underlying the antidepressant actions of this agent. The results demonstrate that a single dose of GLYX-13 rapidly activates the mTORC1 pathway in the prefrontal cortex (PFC), and that infusion of the selective mTORC1 inhibitor rapamycin into the medial PFC (mPFC) blocks the antidepressant behavioral actions of GLYX-13, indicating a requirement for mTORC1 similar to ketamine. The results also demonstrate that GLYX-13 rapidly increases the number and function of spine synapses in the apical dendritic tuft of layer V pyramidal neurons in the mPFC. Notably, GLYX-13 significantly increased the synaptic responses to hypocretin, a measure of thalamocortical synapses, compared with its effects on 5-HT responses, a measure of corticalcortical responses mediated by the 5-HT 2A receptor. Behavioral studies further demonstrate that GLYX-13 does not influence 5-HT 2 receptor induced head twitch response or impulsivity in a serial reaction time task (SRTT), whereas ketamine increased responses in both tests. In contrast, both GLYX-13 and ketamine increased attention in the SRTT task, which is linked to hypocretin-thalamocortical responses. The differences in the 5-HT 2 receptor synaptic and behavioral responses may be related to the lack of psychotomimetic side effects of GLYX-13 compared with ketamine, whereas regulation of the hypocretin responses may contribute to the therapeutic benefits of both rapid acting antidepressants.
INTRODUCTION
The current needs for improved antidepressant treatments are underscored by the high incidence of major depressive disorder (MDD) which affects millions of people worldwide, as well as the inability of currently used drugs to adequately treat a significant portion of MDD sufferers (Trivedi et al, 2006) . In addition, the significant time-lag of several weeks to months before therapeutic effectiveness is achieved with currently used drugs further emphasizes the need for novel agents. In contrast, rapid antidepressant actions, within hours have been shown for the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine, notably in treatment resistant patients (Abdallah et al, 2015; Berman et al, 2000) . These clinical findings are supported by basic research studies demonstrating similar rapid antidepressant actions in animal models (Li et al, 2010; Maeng et al, 2008) . In addition, the antidepressant effects of ketamine are sustained for 1-2 weeks in depressed patients and in animal models, indicating long-lasting synaptic alterations that outlast the acute drug exposure .
GLYX-13 is a novel glutamatergic compound that also produces rapid antidepressant actions (Burgdorf et al, 2013; Moskal et al, 2016) . Similar to ketamine, preliminary studies demonstrate that GLYX-13 produces improvements in depression symptoms in human patients within hours of a single dose . The antidepressant actions of GLYX-13 in animal models can last up to 2 weeks following a single dose, suggesting that adaptive neuroplasticity to the initial drug actions underlies the sustained behavioral responses. Thus, GLYX-13 and ketamine have similarities in that both agents act through glutamatergic mechanisms and both exert rapid effects that are sustained beyond the time of acute drug exposure.
A significant limitation for widespread use of ketamine is the occurrence of acute, transient psychotomimetic and dissociative side effects, as well as abuse potential (Abdallah et al, 2015) . In contrast, the putative antidepressant effects of GLYX-13 occur in the absence of psychotomimetic features, dissociative side effects or evidence for abuse potential (Burgdorf et al, 2013; Moskal et al, 2016) . Although ketamine and GLYX-13 both have primary glutamatergic actions, understanding the mechanistic differences between these two drugs could provide insights into dissociating the rapid antidepressant vs psychotomimetic consequences of modulating glutamate transmission.
Ketamine is an NMDA receptor open-channel blocker, and the rapid antidepressant actions of ketamine have been linked to a paradoxical burst of glutamate in the medial prefrontal cortex (mPFC; Moghaddam et al, 1997) . GLYX-13 also acts at the NDMA receptor but functions as a partial agonist at the glycine site of the receptor (Moskal et al, 2005 . It is currently unknown whether the effects of GLYX-13 are associated with changes in extracellular glutamate. However, the antidepressant actions of both GLYX-13 and ketamine are blocked by pretreatment with an AMPA receptor antagonist, indicating a requirement for glutamate-AMPA receptor activity (Burgdorf et al, 2013; Li et al, 2010; Maeng et al, 2008) .
We have previously demonstrated that ketamine increases synaptic number and function in the mPFC, and shown that these effects depend on mTORC1 signaling (Li et al, 2010; Li et al, 2011) . GLYX-13 is reported to enhance neuroplasticity suggesting that it may also enhance synaptic function (Burgdorf et al, 2015a (Burgdorf et al, , 2015b ). In the current study, we compared the influence of GLYX-13 and ketamine on the mTORC1-signaling pathway and on the number and function of spine synapses in the rat mPFC. The results demonstrate overlap in the actions of these two rapid acting agents on mTORC1 signaling, but also indicate differences in synaptic responses that could underlie the antidepressant vs psychotomimetic behavioral differences.
MATERIALS AND METHODS

Animals
Male Sprague Dawley rats (Charles River Laboratories) and male C57Bl/6 mice (Jackson Laboratories) 8-12 weeks of age were group housed on a 12-h light-dark cycle with lights on at 0700 hours. Food and water were available ad libitum. Animals were randomly assigned to treatment groups for all experiments, and for the SSRT were allocated into balanced treatment groups based on response levels following training. All procedures were in accordance with the NIH guidelines for the care and use of laboratory animals and the Yale University Institutional Animal Care and Use Committee.
Drugs and Surgery
GLYX-13 (gift from Naurex, Evanston, IL) was administered by tail vein injection to reduce degradation of the tetrapeptide. (R,S)-Ketamine hydrochloride (Sigma-Aldrich St. Louis, MO) was administered as a single injection (10 mg/kg, i.p. or i.v. as indicated). For intracerebral infusion, rats were anesthetized and implanted with bilateral guide cannulae into the mPFC as previously described (Li et al, 2010) . After 13-14 days of recovery, rats were bilaterally infused with a rapamycin (Cell Signaling; 0.005 nmol per side) or 10% DMSO (vehicle).
Antidepressant Behavioral Models
The forced-swim test (FST) and novelty-suppressed feeding test (NSFT) were conducted in rats as previously described (Li et al, 2010) , 24 h after vehicle or GLYX-13 administration. The female urine-sniffing test (FUST) was conducted in male rats according to the published procedures (Malkesman et al, 2010) , and consisted of habituation (60 min) to the presence of a cotton-tipped applicator in the home cage, then the applicator dipped in tap water for 5 min, followed 45 min later with a 5 min exposure to an applicator infused with fresh urine collected from 11-to 14-week-old females. Behavior was video recorded and total time spent sniffing the cotton-tipped applicator was recorded by an investigator blinded to treatment. Locomotor activity was determined as previously described (Digiscan animal activity monitor; Omnitech Electronics, Columbus, Ohio; Warner-Schmidt and Duman, 2007) .
DOI-Induced Head Twitch
Head twitch responses were assessed according to published methods (Halberstadt and Geyer, 2013) . C57Bl/6 mice were habituated to testing chambers for 30 min and 24 h later they received acute doses of either ketamine (10 mg/kg, i.v.) or GLYX-13 (3 mg/kg, i.v.). Twenty-four hour later mice received 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) at a dose of 5 mg/kg, i.p. and the head twitch response was scored over 30 min.
Three Choice Serial Reaction Time Task
For Serial Reaction Time Task (SRTT) training, animals are trained to attend to a series of nose-poke ports awaiting a stimulus presentation in one of the ports. The inter-trial interval (ITI) and duration of stimulus presentation can then be modified to challenge the animal's ability to withhold responses over longer ITI's as a test of impulsivity, or respond correctly at increasingly shorter stimulus durations as a test of attention. C57Bl/6 mice were trained to respond to an illuminated nose-poke port as described previously (Scott and Taylor, 2014 ) until a 70% correct criterion was met on trials with a 5 s stimulus interval and 5 s ITI. Performance was assessed through analysis of the percent correct responses (correct/total trials), percent accurate responses (correct/correct+incorrect), percent omissions (no response/total trials), and percent premature (ITI response/total trials). Twenty-four hours after reaching criterion, groups were balanced, administered ketamine or saline, and tested over the next 3 days. The first test assessed attention by presenting trials with 5, 2, 1 or 0.5 s stimulus durations (5 s ITI) in a pseudorandom manner. The second test assessed impulsivity by presenting trials with 2, 5, 7 or 10 s ITIs (5 s stimulus duration) in a pseudorandom manner. The final challenge test presented a pair of trials at the shortest stimulus duration or longest ITI as in the previous tests. Following a 14-day period with no testing animals were given five training sessions to re-establish baseline performance. Twenty-four hours later animals were counterbalanced based on performance and prior drug treatment and administered GLYX-13 or saline. Drug administration was followed 24 h later by the challenge test, as described above.
Western Blotting
Western blot analysis of mTORC1 and synaptic proteins were conducted on crude synaptoneurosome preparations of rat prefrontal cortex, hippocampus, or striatum as previously described (Li et al, 2010) . Primary antibodies included phospho-mTOR (Ser2448), total mTOR, phospho-p70S6K (Thr389), total p70S6K, phospho-4EBP1 (Thr37/46), phospho-ERK (Thr202/Tyr204), total ERK, Phospho-AKT (Ser473), total AKT, PSD95, GluR1, Synapsin1, GAPDH, (Cell Signaling, 1 : 1000) and c-fos (Santa Cruz, 1 : 500). After secondary antibody incubation bands were detected using enhanced chemiluminescence (ECL). Densitometric analysis of phospho-and total immunoreactivity for each protein was conducted using Image Lab (Bio-Rad). Immunoreactivity was normalized to saline-treated control group values for each protein.
Immunohistochemistry c-Fos immunohistrochemistry was conducted as previously described (Fuchikami et al, 2015) . Rat brain slices were incubated with primary antibody (rabbit anti-c-Fos 1 : 500; Santa Cruz Biotechnology) and then secondary antibody (1 : 500 biotinylated goat anti-rabbit, Vector Laboratories). The numbers of c-Fos-positive cells were counted from four coronal sections per animal.
Electrophysiology
Brain slices were prepared as previously described Liu and Aghajanian, 2008) . Pyramidal neurons in layer V of coronal slices of mPFC (400 μm) were visualized by videomicroscopy and whole-cell recordings were performed with an Axoclamp-2B amplifier (Axon Instruments). Neurobiotin (0.3%) was added to the pipette solution to mark cells for later imaging. Postsynaptic currents were studied in the continuous single-electrode voltage-clamp mode (3000 Hz low-pass filter) clamped near resting potential (75 ± 5 mV). After completion of recording, slices were transferred to 4% paraformaldehyde (0.1 M phosphate buffer) and stored overnight at 4°C. Slices were then processed with streptavidin conjugated to Alexa 594 (1 : 1000) for visualization of labeled cells.
Spine Analysis
Labeled mPFC layer V neurons were imaged by two-photon laser scanning and spine density was determined as previously described (Li et al, 2010; Liu et al, 2015) . Dendrites were sampled at tips of tuft branches, at proximal tuft dendrites just distal to the bifurcation and midway between distal and proximal sites (average dendritic segment, 40-50 μm). Spine density and spine head diameter were analyzed by Neurolucida software 10.2 (Autoneuron/Autospine; MicroBrightField, Williston, VT). Images were also collected on an Olympus confocal laser scanning microscope equipped with a × 100, 1.42 NA objective at a zoom of × 5 (voxel size 0.049 μm × 0.049 μm × 0.01 μm). Computerized analysis of z-stack images was performed in deconvolved confocal image stacks (AutoquantX Version 3.0.1, Media Cybernetics, Bethesda, MD) and spines were and quantified by an experimenter blinded to treatments, using NeuronStudio software (Rodriguez et al, 2008) .
Statistics
Data for signaling proteins were analyzed using one-way ANOVA. Effects were considered significant if po0.05 and differences between individual group means were then assessed by post hoc Student's t-tests or Fischer's LSD as indicated. Data from behavioral tests for antidepressant-like activity and locomotor activity were analyzed using the Kruskal-Wallis test. Treatment groups were compared to the veh/veh control group with post hoc Dunn's test. In cases where group sizes were unequal or were small (n = 4 or 5), effect sizes were also calculated, and are reported as Cohen's d/Hedge's g values for standard mean difference. Treatment effects in the SRTT were assessed using a repeated measures two-way ANOVA (treatment × trial type) and post hoc pairwise comparisons were made for ketamine and GLYX-13 treatments relative to their respective control groups using Student's t-tests with Bonferroni's correction. Results are presented as mean ± SEM. Analysis was conducted using SPSS or GraphPad Prism 6 software.
RESULTS
GLYX-13 Increases mTORC1 Signaling in the PFC
Previous studies demonstrate that ketamine increases the phosphorylation of mTORC1 signaling proteins and studies were conducted to determine if GLYX-13 produces similar effects (Li et al, 2010 (Li et al, , 2011 Liu et al, 2013) . GLYX-13 was administered by tail vein injection to reduce degradation of the tetrapeptide; for comparison ketamine was also administered by tail vein injection. A single dose of GLYX-13 (3 mg/ kg, i.v.), which produces antidepressant behavioral responses (Burgdorf et al, 2013) , rapidly increased levels of phosphomTOR, phospho-p70S6K1, phospho-4EBP1, phospho-ERK and phospho-Akt in mPFC (Figure 1a -e). A single dose of ketamine (10 mg/kg, i.v.) produced similar effects on phospho-p70S6K and phospho-4EB-P1 although there was no significant effect on phospho-mTOR, phospho-Akt, or phospho-ERK in the first cohort tested (n = 4). In a subsequent cohort (n = 5) ketamine was administered i.p. (10 mg/kg) and did increase levels of phospho-mTOR, as well as the other signaling proteins tested with a magnitude similar to GLYX-13 (Figure 1a -e) as previously reported (Li et al, 2010 (Li et al, , 2011 Liu et al, 2013) . This could be due to pharmacokinetic differences since i.v. dosing would result in a more rapid increase in brain levels of ketamine and stimulation of mTORC1 signaling; since ketaminestimulation of mTORC1 signaling is transient and returns to basal levels by 2 hr after i.p. dosing (Li et al, 2010 ) the transient stimulation and return to basal levels after i.v. dosing would be faster and could account for the reduced effects observed at the 1 h time point. Similar effects were observed in hippocampus in response to GLYX-13 or ketamine (i.v. and/or i.p. dosing), although there was no effect on phospho-Akt (Supplementary Figure 1) . There were no significant effects on mTORC1 signaling in the dorsal striatum in response to either GLYX-13 or ketamine (Supplementary Figure 1) .
To determine whether the antidepressant-like behavioral actions of GLYX-13, like ketamine (Li et al, 2010 (Li et al, , 2011 , require mTORC1 signaling, the selective mTORC1 inhibitor rapamycin was infused into the mPFC 30 min before GLYX-13 (3 mg/kg, i.v.); 24 h later behavior was tested (Figure 2a ). GLYX-13 produced a robust antidepressant response in the FST (Figure 2c ) and NSFT ( Figure 2e) ; there was no effect on home cage feeding or locomotor activity (Figure 2f and g ). We also found that a single dose of GLYX-13 significantly increased time sniffing female urine, but not water in the FUST (Figure 2d ), a validated test of rodent reward-seeking behavior and a relevant mood disorder model (Malkesman et al, 2010) . Rapamycin infusion into mPFC prior to GLYX-13 administration completely blocked the behavioral actions of GLYX-13 in these three antidepressant models (Figure 2c-e) . Rapamycin infusion prior to vehicle was tested in the first cohort of animals (n = 4) and had no effect on behavior, as previously reported (Li et al, 2010 (Li et al, , 2011 .
GLYX-13 Increases c-Fos Immunolabelling in mPFC
Previous studies demonstrate that ketamine causes a rapid, transient burst of glutamate in the mPFC (Moghaddam et al, 1997) that is thought to underlie the subsequent synaptic and behavioral actions of ketamine (Duman et al, 2016) . The behavioral effects of both ketamine and GLYX-13 are blocked by pretreatment with an AMPA receptor antagonist, indicating a requirement for glutamate-AMPA activity (Burgdorf et al, 2013; Maeng et al, 2008; Li et al., 2010) . Ketamine rapidly increases c-Fos, a marker of neuronal activity, in the mPFC, consistent with stimulation of glutamate-AMPA signaling (Fuchikami et al, 2015) . Immunoblot analysis shows that GLYX-13 also increases c-Fos immunoreactivity in the PFC (Supplementary Figure 2a) . Immunohistochemistry demonstrates that GLYX-13 increases c-Fos labeling in the infralimbic mPFC (Supplementary Figure 2b) , with no significant effects in prelimbic mPFC, similar to the effects of ketamine (Fuchikami et al, 2015) .
GLYX-13 Increases Hypocretin-but not 5-HT-Induced EPSCs in mPFC Pyramidal Neurons
Previous studies demonstrate that ketamine rapidly increases the number and function of spine synapses on layer V pyramidal neurons in the mPFC (Li et al, 2010; Li et al, 2011) . Whole-cell patch recordings of layer V pyramidal cells were conducted to determine the influence of GLYX-13 on 5-HT-and hypocretin-induced EPSCs, 24 h after a single dose. GLYX-13 significantly increased the frequency of hypocretin-induced EPSCs relative to vehicle-treated rats, but had no effect on the frequency of 5-HT-induced EPSCs (Figure 3a and b) . This is in contrast to ketamine, which we have previously reported increases both hypocretin-and 5-HT-induced EPSC frequency (Li et al, 2010; Liu et al, 2012 Liu et al, , 2013 Liu et al, , 2015 . GLYX-13 also increased the amplitude of hypocretin-, as well as 5-HT-induced EPSCs (Figure 3c and d) .
Cells were passively filled with neurobiotin during recording for subsequent imaging and analysis of dendritic spines. Apical dendrites of filled neurons were scanned using two-photon laser microscopy. GLYX-13 administration significantly increased spine density in layer V pyramidal neuron dendrites (Figure 4a and b) and frequency distribution analysis suggested a small but significant increase in spine head diameters (Figure 4c and d) . The effects on spine density were confirmed by confocal imaging (Supplementary  Figure 3) . GLYX-13 administration also increased spine density in basal dendrites of layer V neurons in mPFC (Supplementary Figure 4) . Similar effects on spine density have been observed with ketamine (Li et al, 2010; Li et al, 2011) . Levels of synaptic proteins were also examined 1 hr after a single dose (i.v.) of GLYX-13 or ketamine. Both agents significantly increased levels of GluR1 and synapsin 1, but not PSD95 in synaptosomal fractions of mPFC (Figure 4e-g ). No significant effects were seen in (f) locomotor activity (H = 0.69, p = 0.88) or (g) home cage feeding (H = 6.08, p = 0.11). *po0.05 and ** po0.01 Dunn's post hoc test. The results are shown as mean ± SEM n = 9 (veh/veh), and 8-9 (veh/GLYX-13), 4 (Rapa/veh), 9 (Rapa/GLYX-13). (h) Location of cannulae placements in the mPFC.
There were no significant effects of GLYX-13 or ketamine on synaptic proteins in the hippocampus or striatum at this time point (Supplementary Figure 5) .
Distinct Effects of GLYX-13 and Ketamine on DOI Induced Head Twitch Response and SRTT
The 5-HT-induced EPSC response is mediated by 5-HT 2A receptors, which are also the binding site of hallucinogenic agents, and could be related to the acute psychotomimetic actions of ketamine or lack thereof with GLYX-13. To examine this possibility, we assessed behavioral response to a 5-HT 2A/C receptor agonist DOI that increases head twitches in mice (Halberstadt and Geyer, 2013; Willins and Meltzer, 1997) . Mice were administered ketamine or GLYX-13 and the levels of DOI-induced head twitches were determined 24 h later. The results demonstrate that ketamine-treated mice displayed significantly increased DOI-induced head twitches over the entire 30 min test period compared to vehicle controls (Figure 5a and b) . In contrast, GLYX-13 had no effect on DOI-induced head twitches at any point in the test period.
We also examined the influence of ketamine and GLYX-13 on behavior in a three-choice SRTT. The SRTT is a highly flexible task used to assess attention and executive function and is modulated by PFC neuronal activity (Bari et al, 2008; Winstanley et al, 2003) . During the SRTT rodents must attend to multiple apertures, while waiting for a visual stimulus, which is then reported by a poke into the aperture and rewarded by delivery of a reinforcer. Multiple response errors can be measured, including: premature selection of an aperture, a measure of impulsivity that is mediated by 5-HT 2A receptor-cortical-cortical activity in the PFC (Klein et al, 2014; Winstanley et al, 2003) , incorrect responses (ie, wrong aperture) and response omissions, which reflect attention deficits that are mediated in part by hypocretininduced thalamocortical glutamate release (Lambe et al, 2005) . Task difficulty can be modulated to enhance measures of attention by reducing stimulus duration or to enhance measures of impulsivity by increasing ITI (Figure 5e and f, respectively).
Mice were trained to respond to approximately 70% correct over the course of 5 weeks; the final 5-6 sessions before ketamine or GLYX-13 are shown (Figure 5c and d) . During initial testing when more difficult trials were interspersed with relatively easier trials a trend towards reduced omissions in the ketamine group was apparent (Figure 5e ), suggesting enhanced attention. Unlike omissions, incorrect responses were not sensitive to stimulus duration in either group (Figure 5e ). Testing impulsivity by presenting trials with longer ITIs increased premature responses in the ketamine group on trials with the longest ITI (Figure 5f ). When animals were challenged with a third session that only presented the shortest stimulus duration or longest ITI, ketamine treated animals demonstrated reduced omissions and more premature responses, respectively (Figure 5g and h) . Under the same test conditions, we found that GLYX-13, like ketamine, reduced omissions on trials with a short stimulus duration, indicating enhanced attention that could be related to increased hypocretin responsivity (Figure 5g ). However, GLYX-13 did not influence premature responses on long ITI trials that are related to 5-HT 2A responses (Figure 5h) .
DISCUSSION
The results demonstrate similarities as well as differences in the synaptic and behavioral actions of GLYX-13 compared with ketamine. GLYX-13 significantly stimulated mTORC1 signaling in the mPFC, including phosphorylated levels of The density of spines and (c) spine head diameter were analyzed using Neurolucida/Autospine (version 10.2). The results in b and c are the mean ± SEM, n = 9 cells and 51 images from 4 rats for vehicle, and n = 12 cells and 64 images from 4 rats for GLYX-13; *po0.05 vs control, **po0.01 vs control (two tailed unpaired Student's t-test). (d) The spine head diameter is also shown in the cumulative fraction curves. (e-g) In a separate experiment, rats were administered vehicle (i.v.), GLYX-13 (3 mg/kg, i.v.) or ketamine (10 mg/kg, i.v.) and PFC dissections were collected 1 h later. Levels of synaptic proteins were determined by western blot analysis. Levels of GAPDH were determined to control for protein levels and results are the ratio of each synaptic protein divided by GAPDH. Results are the mean ± SEM, n = 4 per group. (e) PSD95 was not significantly increased by ketamine or GLYX-13; F 2,9 = 0.46, n.s. (f) GluR1 was significantly increased by ketamine and GLYX-13; F 2,9 = 4.95, po0.04. (g) Synapsin1 was significantly increased by ketamine and GLYX-13; F 2,9 = 4.90, p = 0.04, one-way ANOVA. *po0.05, Fischer's post hoc test.
mTOR, p70S6K and 4EBP1, as well as the upstream kinases ERK and Akt. In addition, a requirement for mTORC1 was demonstrated as the antidepressant behavioral actions of GLYX-13 were blocked by infusions of the selective inhibitor rapamycin into the mPFC. These results are similar to previous reports demonstrating that ketamine stimulates mTORC1 signaling and that this pathway is required for the behavioral actions of ketamine (Li et al, 2010 (Li et al, , 2011 Liu et al, 2013; Dwyer et al, 2012; Yang et al, 2012; Carrier and Kabbaj, 2013; Miller et al, 2014; Paul et al, 2014; Zhou et al, 2014; Chiu et al, 2015 ; but see Popp et al, 2016) . We also found that both GLYX-13 and ketamine stimulated mTORC1 signaling in the hippocampus, consistent with a previous report on GLYX-13 (Lu et al, 2014) and with previous studies of ketamine (Akinfiresoye and Tizabi, 2013; Harraz et al, 2016; Tedesco et al, 2013; Yang et al, 2013; Zhou et al, 2014) but not with the findings of Autry (Autry et al, 2011) in this brain region. The differences in ketamine stimulation of mTORC1 signaling observed in hippocampus as well as PFC (Popp et al, 2016) could be due to multiple variables, notably stress and tissue preparation, that could influence the analysis of dynamic, state dependent phosphorylation of synaptic signaling proteins.
The mTORC1 complex is stimulated by neuronal activity and neurotrophic factor signaling and is required for protein synthesis dependent synaptic plasticity (Duman et al, 2016; Hoeffer and Klann, 2010) . In addition, mTORC1 signaling is decreased in rodent chronic stress models and in postmortem PFC of depressed subjects (Jernigan et al, 2011; Ota et al, 2014) , suggesting that reductions of this pathway could contribute to the synaptic and behavioral deficits in depression. Stimulation of mTORC1 signaling by ketamine rapidly reverses the reductions in mTORC1 signaling caused by chronic stress, and leads to the rapid reversal of the associated synaptic and behavioral deficits (Li et al, 2011) . Altogether, these studies and the current findings indicate that stimulation of mTORC1 could contribute to the behavioral as well as synaptic actions of GLYX-13.
Ketamine produces a rapid, transient burst of glutamate in the mPFC and AMPA receptor activation is required for the behavioral actions of ketamine (Moghaddam et al, 1997; Maeng et al, 2008; Li et al, 2010) . These effects are also consistent with the rapid induction of the neuronal activity marker c-Fos in the mPFC in response to ketamine (Fuchikami et al, 2015) . In the current study, we found that GLYX-13 rapidly increases the expression of c-Fos in the infralimbic mPFC, similar to ketamine (Fuchikami et al, 2015) . These results are consistent with the requirement for AMPA receptor activity in the effects of GLYX-13 (Burgdorf et al, 2013) , and indicate that both GLYX-13 and ketamine cause rapid neuronal activation in the mPFC, although the mechanisms underlying this increase may differ. The actions of ketamine are thought to occur via increased glutamate and AMPA-induced depolarization of pyramidal neurons (Moghaddam et al, 1997; Homayoun and Moghaddam, 2007) ; whether GLYX-13 produces a similar increase in glutamate or directly activates pyramidal neurons remains to be determined.
We also found that GLYX-13 significantly increases the frequency of hypocretin-, but not 5-HT-induced EPSCs in layer V mPFC neurons, a profile that is different from ketamine, which we have shown significantly increases both hypocretin-and 5-HT-induced EPSCs (Li et al, 2010; Liu et al, 2012 Liu et al, , 2013 Liu et al, , 2015 . GLYX-13 increased the amplitudes of 5-HT-induced EPSCs suggesting an increase in efficacy of 5-HT-responsive synapses despite no increase in frequency.
The hypocretin-induced EPSCs are mediated by thalamic inputs to the mPFC (Lambe and Aghajanian, 2003) indicating that GLYX-13 may exert a more robust effect on thalamocortical transmission. The 5-HT 2A receptor response, mediated by cortical-cortical projections, has been linked with the psychotomimetic actions of hallucinogens (Aghajanian, 2009) . A role for 5-HT 2A receptors in the actions of ketamine is further supported by evidence that the discriminative stimulus effects of ketamine are partially blocked by a selective 5-HT 2A antagonist (Yoshizawa et al, 2013) .
Analysis of neurobiotin labeled spines from the same neurons undergoing electrophysiological recordings demonstrates that GLYX-13 increased spine density on apical dendrites of layer V pyramidal neurons. This effect was observed 24 h following a single dose, indicating that the spine effect outlasts the acute presence of the drug. We also found a modest increase in spine head diameter following GLYX-13 administration. On the basis of the differential effects of GLYX-13 on hypocretin and 5-HT response, it will be interesting in future studies to analyze spines receiving thalamic vs cortical specific inputs, using markers such as vesicular glutamate transporter isoforms that are selectively expressed on these terminals (De Gois et al, 2005) .
A significant feature of the behavioral profile of GLYX-13 compared to ketamine is the lack of psychotomimetic effects, which could be related to the 5-HT synaptic differences observed with GLYX-13. The head twitch response (HTR) that is induced by DOI administration and other serotonergic hallucinogens is blocked by 5-HT 2A receptor antagonists and is a validated and commonly used behavioral assay for 5-HT 2A activation and hallucinogen-like effects (Halberstadt and Geyer, 2013; Willins and Meltzer, 1997) . We found that ketamine significantly increased DOI-induced head twitches 24 hr after administration. In contrast, there was no enhancement of DOI-induced head twitches after GLYX-13. The differential effects of ketamine and GLYX-13 were further examined in a SRTT that provides an assessment of attentive and impulsive function. Task difficulty was optimized to allow measures of impulsivity (ie, increased ITI, which increases premature responses) and attention (ie, decreased stimulus duration, which increases omissions) that are mediated by 5-HT 2A and hypocretin Figure 5 Ketamine, but not GLYX-13 increases 5-HT 2 -induced head twitch and impulsivity. (a,b) Male C57Bl/6 mice were administered vehicle (i.v.), GLYX-13 (3 mg/kg, i.v.) or ketamine (10 mg/kg, i.v.), and 24 h later were administered a single dose of the 5-HT 2A/C receptor agonist DOI (5 mg/kg, i.p.). The numbers of head twitches are shown (a) over the total 30 min test period. n = 6 (sal), 6 (ket), 5 (GLYX-13). One-way ANOVA indicated a treatment effect: F 2,14 = 69.32, po0.0001, with ketamine producing more head twitches t(10) = 10.27, ***po.0001. The same data are shown in (b) for 5 min blocks. (c-h) show the results of the serial reaction time task (SRTT). Mice were first trained to respond to a 70% correct criterion through increasingly short stimulus durations over the course of~5 weeks. (c) Final 6 sessions of training (5 s stimulus duration, 5 s ITI). (d) Retraining before GLYX-13 administration. Mice were administered vehicle (i.v.) or ketamine (10 mg/kg, i.v.) and then, after retraining, vehicle or GLYX-13 (3 mg/kg, i.v.) in a crossover design. Results are shown as mean ± SEM n = 6 (ctrl), 7 (ket); 5 (ctrl), 7 (GLYX-13). Data in e-h were analyzed with two-way repeated measures ANOVA, followed by post hoc t-tests when indicated. Initial measure validation demonstrated that (e) reducing stimulus duration, F 3,33 = 35.21, po0.0001 and (f) increasing the intertrial interval (ITI), F 3,33 = 18.56, po0.0001 resulted in increased omissions and impulsivity, respectively. A significant treatment × ITI interaction, F 3,33 = 3.41, po0.05 supports a ketamine-associated increase in impulsivity at the longest ITI, t(11) = 3.47, **po0.01. For analysis of attention and impulsivity, respectively, mice were then tested with a session that consisted of random presentation of two trial types; those with (g) short stimulus duration (0.5 s) and standard ITI (5 s) in which omissions were measured, or, those with (h) long ITI (10 s) and standard stimulus duration (5 s) in which premature responses were determined. Ketamine treatment was associated with reduced omissions across all trials F 1,11 = 4.90, *po0.05 though this was particularly evident on short stimulus duration trials t(11) = 2.74, *po0.05. Analysis of impulsivity demonstrated an interaction, F 1,11 = 5.02, po0.05 confirmed by increased premature responses in ketamine treated animals in trials with a long ITI t(11) = 2.91, **po0.01. In contrast GLYX-13 treatment did not affect impulsivity F 1,10 = 0.46, p40.05, but was observed to increase attention across trial types F 1,10 = 5.99, po0.05, again most evident in trials with a short stimulus duration t(10) = 2.45, *po0.05.
responses, respectively, to be determined (Lambe et al, 2005 ). These results demonstrate that ketamine, but not GLYX-13 increases the number of premature responses (ie, impulsivity) when the ITI is long. Moreover, both ketamine and GLYX-13 reduce omissions when the stimulus duration is short, indicating an increase in attention. These findings, along with the DOI-induced head twitch response, are consistent with the electrophysiology showing differences between ketamine and GLYX-13 in 5-HT-and hypocretininduced responses. This adds to previous work showing different behavioral profiles, including substance abuse related (conditioned place preference), sensori-motor gating deficits (prepulse inhibition; Burgdorf et al, 2013) , and declarative memory impairment induced by ketamine but not GLYX-13 (Rajagopal et al, 2016) .
The different synaptic and behavioral effects of GLYX-13 and ketamine likely relate to different primary sites of action and receptor selectivity. GLYX-13 is an NMDA modulator with glycine site partial agonist properties and ketamine is an activity dependent nonselective NMDA open channel blocker Traynelis et al, 2010) . Bathapplied GLYX-13 as well as another glycine partial agonist, D-cycloserine enhances long-term potentiation (LTP) in hippocampal Schaffer collateral-CA1 synapses (Zhang et al, 2008) , and in vivo administration of GLYX-13 enhances subsequent hippocampal slice LTP (Burgdorf et al, 2015b) , suggesting that glycine site partial agonist properties underlie the actions of GLYX-13 on synaptic plasticity in the hippocampus. GLYX-13 administration also produces a long-lasting increase in NMDA current conductance (Burgdorf et al, 2015b) , and the observations that GluN2B selective antagonists block the effects of GLYX-13 on NMDA currents and LTP indicate a role of this receptor subtype in the actions of GLYX-13. These effects of GLYX-13 on plasticity-related processes could be related to the cognitive enhancing and antidepressant actions of GLYX-13, as well as the ability of GLYX-13 to block the effects of ketamine in a declarative memory task (Rajagopal et al, 2016) . Further studies of the binding characteristics and subunit selectivity in different types of neurons in the PFC and other brain regions are required to fully elucidate the actions of GLYX-13 and to inform the development of novel glycine site agents.
Our results highlight key similarities but also differences in the signaling, electrophysiology, and behavioral actions of GLYX-13 and ketamine. The lack of psychotomimetic side effects of GLYX-13 compared with ketamine may be related to different actions on 5-HT 2A receptor-sensitive cortical circuitry, whereas regulation of hypocretin-sensitive circuitry could be related to the therapeutic benefits of both rapid acting antidepressants. There is evidence that the hypocretin/ orexin system is involved in stress and depression (Liu and Aghajanian, 2008; Li et al, 2011) , and orexin signaling is being targeted for development of novel therapeutic agents (Nollet and Leman, 2013) . A role for a hypocretin-sensitive thalamocortical pathway in antidepressant responses could be related to the actions of this circuit on arousal and flexibility of cortical systems. Further studies are required to determine the precise cellular mechanisms underlying the actions of GLYX-13, including the relative importance of direct vs indirect effects on glutamate transmission in the PFC.
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